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The dmso exchange reaction in [VO(dmso)s]?* has been studied in the mixture of CDsNO: and
DMSO by means of !H NMR. The exchange rate is independent of the free DMSO concentration and the
kinetic parameters are as follows: k(25 °C)=1.76X103s~1, AH*=60.114.3 k] mol-!, and AS*=18.5%+12.9 JK-1

mol~1,

Ligand-exchange reactions in several oxovana-
dium (IV) complexes have been studied by using the
NMR line-broadening method,!~4 but the mechanisms
for these reactions have not been proposed in detail.
On the other hand, Lincoln® has shown that the plot
of AH* vus. AS* for ligand-exchange reactions in
oxovanadium(IV) complexes is linear and consistent
with that for the ligand-exchange reactions in
various uranyl(VI) complexes in which the reactions
proceed dissociatively. Such an isokinetic relation-
ship suggests that the reactivity of oxovanadium(IV)
ions is very similar to that of uranyl(VI) ions, and
that the ligand-exchange reactions in oxovanadi-
um(IV) complexes seem to proceed dissociatively.
However, the associative mechanism has been
proposed for some complex-formation reactions in
oxovanadium(IV) ions.-® From this point of view,
further studies for the ligand-exchange reactions in
oxovanadium(IV) complexes are necessary to under-
stand the mechanisms in detail. This paper reports
the exchange of dmso (dimethyl sulfoxide) in the
[VO(dmso)s]?+ ion. This reaction has already been
studied by Angerman and Jordan with the NMR
line-broadening method,® but no accurate kinetic
parameters have been determined, because the slow
exchange region, where the relaxation time is
controlled by the chemical exchange rate,® was not
observed in the temperature range above the freezing
point of DMSO. In the present study, CDsNO: was
used as a diluent in order to extend the lower limit of
temperature range. As a result, it became possible to
observe the slow exchange region and to determine
the kinetic parameters.

Experimental

The [VO(dmso)s)(ClO4)2 complex was synthesized by the
same method as described in a previous paper.1® Anal.
Calcd for [VO(dmso)s](ClOs)2: C, 18.30; H, 4.61; S, 24.42.
Found: C, 18.28; H, 4.56; S, 24.38. Dimethyl sulfoxide
(Wako Pure Chemical Ind. Ltd.) was distilled in vacuo,
followed by distillation with 3A molecular sieves (Wako),
and stored over 3A molecular sieves. Nitromethane-ds
(CD3sNOg, Merck 99%), which was used as a diluent and an
NMR lock reagent, was dried over 3A molecular sieves.

The UV and visible spectra of the [VO(dmso)sJ?* ion in
DMSO and in the mixture of CDsNOz and DMSO were
measured on a Shimadzu UV-210A double-beam spectro-
photometer. Sample solutions for NMR measurements
were prepared by weighing [VO(dmso)s])(C104)2, DMSO,
and CD3sNOg in a 1 cm3 volumetric flask and were placed in
NMR sample tubes and sealed under vacuum. All samples
were prepared in a glove-box filled with dried nitrogen.
1H NMR spectra of bulk DMSO were measured at 100 MHz
on a JEOL JNM-FX 100 FT-NMR spectrometer equipped
with a JNM-VT-3B temperature controller.  Typical
spectral settings are as follows: data points, 8K; spectral
width, 1000 Hz; pulse width,14 ps; pulse delay time, 2.55;
number of scan, 4.

Results and Discussion

The absorption spectrum of the [VO(dmso)s]2+ ion
in DMSO was measured, and the two absorption
bands at 820 and 690 nm were assigned to the
2By—2E(I) and 2B2—2B; (10 Dq) transitions, respective:
ly, from the molecular orbital diagram of Ballhausen
and Gray.!? Based on this assignment, Dq is
calculated to be 1450 cm~! and is consistent with that
obtained by Angerman and Jordan.® The absorption
spectrum of the [VO(dmso)s]2*+ ion in the mixture of
CD3NO; and DMSO was compatible with that in
DMSO. This fact indicates that the [VO(dmso)s]2+
ion has the same solvation structure in both solvents,
DMSO and the mixture of CDsNOz and DMSO.

On the basis of the spectrophotometric results, the
dmso exchange in the [VO(dmso)s]?+ ion was
measured in the mixture of CDsNOz and DMSO
by using the NMR line-broadening method. The
line-width and chemical shift of the methyl proton
signal of bulk DMSO in the presence and absence
of the [VO(dmso)s]2+ ion were measured by varying
temperature from —45 to 70 °C. In this temperature
range, the line-width of methyl proton signal
of DMSO changed with temperature, while no
change was observed in chemical shift of the corre-
sponding signal. In this case, the transverse relax-
ation time (7T72) is expressed as follows:?
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where T2, and Ta. are the transverse relaxation times
of nuclei in the bulk solvent in the presence and
absence of the paramagnetic metal ion, respectively,
and are related with the full line-width (Av) at half-
height as 1/ Te,=nAv, and 1/ T2.=nAv,, p,, is the ratio
of the concentration of solvent bound to the
paramagnetic metal ion to the concentration of free
solvent, 7, is the solvent exchange lifetime, T2n is
the transverse relaxation time of the coordinated
solvent, and T2, is the relaxation time of solvent
outside the first-coordination sphere of the para-
magnetic metal ion. The ralationship between 7,
and the first-order rate constant (k) with tempera-
ture is as follows:

1/t = kex = (kT/h) exp (—AH*/RT) exp (AS*/R), (2)

and the temperature dependence of T2m and T3 is
assumed to be given by Egs. 3 and 4, respectively.1?

1 E,
7 = Cmexp ( RT) (3)
E,
— . 4
7= = Coexp ( RT) %)

The values of T2 were calculated based on the
equatorial coordination number of four and from the
assumption that the dmso exchange in the axial site
is very faster than that in the equatorial site,2:® and
hence only the dmso exchange in the equatorial site
contributes to the line-broadening in the present
temperature range. Figure 1 shows the typical plot of
In(1/T2) vs. the reciprocal temperature. This figure
indicates that T2 is controlled by Tam, T, and T2
successively as the temperature decreases, and that the
above assumption is reasonable. If the dmso
exchange in the axial site is not much faster than that
in the equatorial site in the present temperature
range, the value of 1/T2 should decrease again in the
low temperature range as observed in the dmf (N,N-
dimethylformamide) exchange in [VO(dmf)s]?+ ions.¥
Kinetic parameters were determined by a nonlinear
least-squares fit of 1/ T2 data to the equation obtained
by substitution of Egs. 2, 3, and 4 into Eq. 1. Kinetic
parameters for solutions with various compositions
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were determined by the same manner and are listed in
Table 1. The table shows that the exchange rate is
independent of the concentration of DMSO and the
AS* values are positive. These results suggest that
the dmso exchange in the equatorial site of the
[VO(dmso)s]2* ion proceeds through either the D or
I« mechanism. On the other hand, the activation
volume (AV*) for the dmso exchange reaction was
determined to be —5.31+0.4 cm3 mol-! in our recent
study,® and suggested that the reaction proceeded
associatively. Since the AS* value is in conflict with
the AV= value, it is difficult to infer the mechanism
of dmso exchange reaction. However, the A
mechanism is excluded because the rate of dmso
exchange is independent of [DMSO]. Furthermore,
the D mechanism also seems to be unlikely from the
following reasons. It was proposed that the solvent
exchange reactions proceeding through the D mecha-
nism have the positive AV* value, because no net
change occurs before and after the exchange reaction,
so that negligible solvational change is expected and
the observed AV* value reflects the intrinsic volume
change.13-19 In addition, it was suggested that the
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Fig. 1. A plot of In(1/T,) wvs. 1/T for the exchange of

dmso in [VO(dmso)y]**. [VO(dmso)i+]=8.52x 10-3
mol kg-2, [DMSO]=1.21 mol kg-! and [CD,NO,]=
14.1 mol kg1,

TABLE 1. SOLUTION COMPOSITIONS AND KINETIC PARAMETERS FOR THE EXCHANGE OF dmso IN [VO(dmso);]*+
2 o, » -
Solution [VO(dmso);3+] [DMSO] [CD,NO,] kex(25 °C) AH AS S.D.9
10-3 mol kg—?! mol kg—?! mol kg~ 103 st kJ mol-1 J K-l mol-?

i 10.0 0.314 15.9 1.51 66.5 39.1 0.05
ii 9.86 0.557 15.6 1.32 61.5 21.2 0.05
iii 9.71 0.716 15.4 2.51 56.9 11.1 0.07
iv 8.52 1.21 14.1 1.32 61.5 21.2 0.04
v 9.74 1.62 14.2 2.13 54.0 0.0 0.06

a) Standard deviation (S.D.) of nonlinear least-squares fit of 1/T, data to the equation obtained by substitution

of Egs. 2, 3, and 4 into Eq. 1.

S.D.=VZE{(Y,—Y.)2?/(n—1)}, where ¥, and Y. are the experimental and

calculated values of 1/T,, respectively, and n is the number of experimental points.
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AS* value does not necessarily reflect the activated
state owing to the contribution of the solvent
rearrangement around the metal complexes, especial-
ly in mixed solvents.1®

In the I mechanism, the exchange process in the
equatorial site is expressed as follows:

KO.
[VO(dmso);]*+ + DMSO* —

[VO(dmso),(dmso),,]%*---DMSO*

k
— [VO(dmso),(dmso*) (dmso),]*++--DMSO

slow

—— [VO(dmso)4(dmso*)(dmso),,]** + DMSO,

fast

where an asterisk is used to denote the exchanging
species, (dmso).x represents the coordinated dmso to
the axial site, Ko is the formation constant of the
outer-sphere complex, [VO(dmso)4(dmso)s 2t -.-DMSO%*,
and k; is the dmso interchange rate constant between
the dmso molecules in the equatorial sites and those
in the second-coordination sphere above the tri-
angular faces of the octahedral [VO(dmso)s)2* ion?-18
or the rate constant for a process involving
intramolecular rearrangement of the coordinated
dmso from the axial to the equatorial sites in
[VO(dmso)s(dmso)«xJ2+.17:1®  For this mechanism, kex
is given by

kex = kIKos[DMSO]/(l + Kos[DMSO]) . (5)

If K(DMSO]>1, Eq.5 can be simplified as kex=ki
and gives the independence of the exchange rate from
the DMSO concentration. In the present study, it is
suggested that DMSO molecules may preferentially
solvate around the [VO(dmso)s]?t ion from the
spectrophotometric results. This preferential solv-
ation is due to the fact that the basity of DMSO is
larger than that of CD3NO: on the basis of
Gutmann’s donor number (DN).1® In a previous
paper?® dealing with the dmso exchange of

Kiyoshi Kava, Yasuhisa Ikepa, and Hiroshi Fukuromi

[Vol. 58, No. 9

UOz(acac)zdmso in CD2Clz, the Ko value for the
formation of UOz(acac)edmso ---DMSO was found to
be ca. 5 M~}(M=mol dm=3). The K. value far the
present study is expected to be larger than 5 M-! in
spite of the fact that the dielectric constant of
CD3NO3(35.94) is larger than that of CD2Cl2(8.93),
because the positively charged [VO(dmso)s]2*+ ion
has a stronger affinity for DMSO than does the neu-
tral UOg(acac)edmso complex. Therefore, it seems
reasonable to consider that the condition, K,
[DMSO] » 1, is satisfied in the present study, and that
the dmso exchange proceeds through the I mecha-
nism. Especially, the 1. mechanism seems more
likely because of the negative AV* value. Nishizawa
and Saito have proposed that the rate constant for the
intramolecular rearrangement from the axial to the
equatorial site is=103 s—1 at 25 °C. Since this value is
comparable to the value for kex(1.8X103s at 25°C)
in our study, the possibility exists that the k1 pathway
might be the intramolecular rearrangement proposed
by Nishizawa and Saito.

The Kkinetic parameters for the present and
previous studies on the ligand-exchange reactions in
oxovanadium(IV) complexes are summarized in
Table 2. For the ligand-exchange reactions in
oxovanadium(IV) complexes with the ligands coordi-
nated through oxygen, the values of exchange rate
constants are almost identical with each other within
a factor of 23, and the differences in AH* value are
also small in spite of the large differences in basicity
and size of ligands. These facts suggest that the
ligand-exchange reactions in oxovanadium(IV) com-
plexes may not proceed dissociatively because the
ligand basicity is one of the dominant kinetic factors
in the dissociative process. On the other hand,
Caldin and Bennetto proposed that the substitution
reactions proceeding dissociatively exhibit an iso-
kinetic relationship between AH* and AS* values.1®
Figure 2 shows the plot of AH* vs. AS* for the ligand
exchange reactions in the equatorial site of oxovana-
dium(IV) complexes and reveals that the isokinetic

TaBLE 2. KINETIC PARAMETERS FOR LIGAND EXCHANGE REACTIONs IN [VO(L)]*+

L kex(25 °C)™ AH* ast Ref.
s kJ mol-! J K- mol-!

H,0 7.4x10% (eq) 55.6 —-6.3 1

~101 (ax) 1

5.0x 102 (eq) 57.3 -2.4 2

CH,0H 3.3x10% (eq) 50.4 —-5.5 3

CH,CN 2.9x10% (eq) 29.6 -84 3

dmf 2.0x102 (eq) 54.8+ 2.5 —17.2+ 7.5 4

4.6x10* (ax) 64.0+10.5 58.2+37.7 4

dma 4.7x10° (eq) 42.3+ 2.1 —33.1+ 6.7 4
dmso 1.8x10% (eq) 60.1+ 4.3 18.5+12.9 This work

a) dmf=N,N-dimethylformamide, and dma=N,N-dimethylacetamide. b) (eq) and (ax) denote the ligand ex-
change reactions in the equatorial and axial sites in [VO(L);]%*, respectively.
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Fig. 2. A plot of AH* vs. AS* for the ligand exchange
reactions in [VO(L);}**. L=CH,CN (1), dma (2),
dmf (3), CH,OH (4), H,O (5 and 5’), and dmso (6).

relationship is satisfied. Hence, if the proposal by
Caldin and Bennetto is acceptable, the possibility
still remains, in which the ligand-exchange reactions
in oxovanadium(IV) complexes proceed dissociative-
ly. Further studies for the activation volume and
anation reactions in oxovanadium(IV) complexes are
necessary to clarify the mechanism of the ligand
exchange in the present complex.
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